Abstract: We characterize the encapsulation of supercharged green fluorescent protein, GFP(+36), by thermophilic ferritin from Archaeoglobus fulgidus (AfFtn). The AfFtn-GFP(+36) assembly is rapid, nearly stoichiometric, and robust. Using a more stably assembled mutant AfFtn, we show that encapsulation can occur in the presence of mostly assembled cages, in addition to encapsulation starting from AfFtn individual subunits. Assembly and encapsulation do not occur with non-supercharged GFP or the alternately supercharged GFP(−30), highlighting the role of complementary electrostatic interactions between the cargo and AfFtn cage interior. We also present a method for verifying protein-protein encapsulation, using nickel nitrilotriacetic acid agarose resin. AfFtn-supercharged protein host-guest complexes could find applications in enzyme studies, protein separations, and in vivo protein stabilization and targeted delivery.
Introduction
Supramolecular host-guest complexes have wideranging applications that include sensing, 1 catalysis, 2 separations, 3 and drug delivery. 4 Small-molecule host-guest chemistry has explored the roles of noncovalent interactions, shape and size complementarity, and electronic and solvation effects in molecular recognition. [5] [6] [7] Protein-ligand interactions have been studied and designed in the context of enzyme active sites as well as protein surfaces. 8, 9 In nature, hostguest complexes often involve protein-protein interactions. Chaperone proteins can bind or sequester a misfolded guest protein and help it to refold properly. 10 Bacterial microcompartments provide a polyhedral protein shell that encapsulates an enzyme and prevents the release of toxic metabolic intermediates. 11 Here, we characterize a small (~10 nm), versatile protein-cage system capable of encapsulating two-to-three, full-length supercharged proteins in high yield. Non-native protein-protein host-guest complexes have been reported previously, where protein cages such as lumazine synthase from Aquifex aeolicus, encapsulin, or viral capsids act as hosts. These large (>25 nm diameter) protein cages have been shown to effectively encapsulate fluorescent proteins, [12] [13] [14] [15] HIV protease, 16 Cas9, 17 Escherichia coli alkaline phosphatase, 12 and other enzymes with wide ranging structures and functions. 18, 19 Encapsulation of a guest protein within a host virus capsid has enabled kinetic studies of enzymes in confined spaces, 20, 21 as well as the development of confined enzyme cascades. 22 Protein host-guest assemblies have also been engineered to enable structural studies of a guest peptide. 23 These host-guest assemblies differ from larger scale protein-protein ordered arrays, [24] [25] [26] [27] in that their utility arises from the behavior of a single particle, rather than material properties gained from many proteins assembling. Many prior protein-protein host-guest examples have employed extensive directed evolution, 16 addition of osmolyte, 12 pH modulation, 20 or covalent attachment. 15 Recent work by Tetter et al. 19 presented a host-guest complex featuring thermophilic ferritin from Archaeoglobus fulgidus (AfFtn) (Fig. 1) , which required no added reagents and encapsulated a supercharged variant of green fluorescent protein with a theoretical net charge of +36 (GFP(+36)). 28 AfFtn exists as dimers of tetrahelical bundles with a short fifth helix at low ionic strength (< 200 mM NaCl). Self-assembly of 12 dimers occurs in high ionic strength buffer (Fig. S1) , yielding a hollow, cage-like 24mer with tetrahedral symmetry and four large (4.5 nm), triangular pores. 29 Cargo smaller than the 24mer inner diameter (8 nm) can be encapsulated within the protein interior, as has been shown with other ferritins. [30] [31] [32] [33] [34] Previously, we demonstrated the encapsulation of 6-nm gold nanoparticles (AuNPs), where the particles nucleate AfFtn assembly via their high surface charge [35] [36] [37] [38] [39] without the need to increase the solution ionic strength. The interior of AfFtn is negatively charged, 35 and thus an attractive electrostatic interaction with GFP(+36) is expected. The experiments conducted by Tetter et al. 19 raised several questions regarding the encapsulation process, such as whether cargo can be encapsulated within fully assembled AfFtn cages or whether the encapsulation process must start with disassembled AfFtn subunits. To address these questions, we use a designed AfFtn mutant which we recently characterized that remains predominantly assembled in low ionic strength solutions. 40 We show that AfFtn and its more stably assembled mutant can encapsulate GFP (+36), demonstrating that unlike other ferritins, 41 AfFtn is capable of encapsulating large cargo without complete prior disassembly. We also present further evidence that the encapsulation process is dependent on complementary charge interactions, by attempting Figure 1 . Encapsulation of GFP(+36) by wt-AfFtn (top) and E65R-AfFtn (bottom). For wt, 12 AfFtn dimers self-assemble around positively charged GFP(+36) to form a 1:2 AfFtn 24mer:GFP(+36) host-guest complex. E65R-AfFtn is predominantly assembled in low ionic strength conditions but also forms a 1:2 complex with GFP(+36), starting with the assembled ferritin cage.
encapsulation of non-supercharged eGFP and supernegatively charged GFP(−30).
Results and Discussion
Encapsulation of GFP(+36) in wt-AfFtn GFP(+36) and AfFtn were mixed in varying stoichiometries (AfFtn 24mer:GFP(+36)) ranging from 0.75:1 to 1:6. A low ionic strength buffer ("no-salt buffer," meaning no added NaCl, 20 mM sodium phosphate, pH 7.6) was used to promote AfFtn disassembly prior to mixing. We have found that using phosphate buffer enables almost complete disassembly into dimers (Fig. S1 ), whereas Tris buffer gives 40% 24mer as shown by Tetter et al. 19 Thus, our experimental conditions enable us to investigate cleanly the effect of AfFtn assembly state on encapsulation. The solutions were analyzed by native agarose gel electrophoresis [ Fig. 2(a) ]. A single fluorescent green band was observed to run toward the positive gel terminal, corresponding to the AfFtn-GFP(+36) complex. With GFP(+36) in excess of 2 per AfFtn 24mer, a green band running toward the negative terminal appeared, corresponding to free GFP(+36). Size exclusion chromatography (SEC) was used to verify the association between GFP(+36) and AfFtn 24mer. When monitored using absorbance (A 280 ), the main peak corresponded to the AfFtn 24mer elution volume and overlapped with the GFP(+36) elution peak monitored using GFP(+36) fluorescence at 509 nm (I 509 ), indicating association and assembly of AfFtn:GFP(+36) complex [ Fig. 2(b) ]. Without AfFtn present, GFP(+36) alone does not elute from the column in no-salt buffer, presumably due to non-specific interactions with the column medium (Fig. S2) . The encapsulation product fractions were combined, concentrated, and analyzed by dynamic light scattering (DLS) to verify AfFtn assembly [ Fig. 2(c) ]. The average particle diameter matched that of AfFtn 24mer, 13.9 nm (PDI 0.26) (vs. 13.5 nm previously published), 40 suggesting that GFP(+36) was successfully encapsulated within AfFtn, rather than adsorbing to its surface or forming a non-specific, disordered aggregate with multiple AfFtn dimers. Transmission electron microscopy (TEM) also supports GFP(+36) encapsulation, as negatively stained AfFtn-GFP(+36) samples excluded more stain from the cage interior than empty AfFtn, indicating the cage contains protein [ Fig. 2(d) , additional micrographs in Fig. S3 ]. GFP(+36) absorbance and emission spectra collected pre-and post-encapsulation were nearly identical, indicating the fluorescent protein remains folded (Fig. S4) . The encapsulation process is quite rapid, as native gel electrophoresis and SEC show association of AfFtn and GFP(+36) within 30 min (the measurement time, Fig. S5 ).
As further confirmation of encapsulation, we incubated AfFtn-GFP(+36) with nickel nitrilotriacetic acid (Ni-NTA) agarose resin (Fig. 3) . Only GFP(+36) has a His-tag for purification purposes and therefore binds strongly to the nickel agarose resin. If GFP (+36) is encapsulated within the ferritin cage, however, the His-tag should be less accessible for binding to the resin. Significant fluorescence was seen in solution for the AfFtn-GFP(+36) load sample, indicating that little GFP(+36) bound to the resin. In the positive control, GFP(+36)-only sample remained bound to resin during loading and wash steps, producing low solution fluorescence until elution with 250 mM imidazole buffer triggered dissociation from Ni-NTA. Importantly, folded GFP(+36) is unlikely to diffuse through the pores of the wild type (wt) AfFtn 24mer, based on protein size and geometry -assuming that the crystal structures of both proteins are representative of their structures in solution and that these crystal structures can be simplified to a hollow sphere (AfFtn 24mer) and a cylinder (GFP(+36)) (see Methods -Geometric analysis of AfFtn and GFP (+36)). These data confirm that AfFtn encapsulates and protects GFP(+36) within the~8-nm ferritin cavity.
By measuring UV-vis spectra of SEC-purified AfFtn-GFP(+36), we calculated N GFP , the average number of GFP(+36) molecules per AfFtn 24mer (see Methods -Determination of GFP(+36) loading for details). For wt-AfFtn, N GFP = 2.6 AE0.3, reflecting a mixture of AfFtn cages with 2 or 3 GFP(+36) encapsulated. The value for wt falls within the expected range N GFP = 0-4, where 4 is the maximum based on approximate geometry of the AfFtn cavity and GFP (+36) (see Methods -Geometric analysis of AfFtn and GFP(+36)). This UV-vis result is also consistent with the approximately 2 encapsulated GFP(+36) molecules observed by native agarose gel electrophoresis [ Fig. 2(a) ]. The high charge of GFP(+36) likely disfavors close packing within the AfFtn cage, leading to the observed 50% loading in wild-type for N GFP = 2. N GFP = 2 corresponds to a confinement molarity of 12 mM, and N GFP = 3 is nearly 20 mM. For an encapsulated enzyme, such high confinement could significantly increase the catalytic rate. 42 Similar levels of encapsulation were observed by Tetter et al. for GFP(+36) encapsulation with AfFtn, where the addition of 1.5 GFP(+36) per 24mer (adjusted for our BCA assay-determined GFP(+36) extinction coefficient value) led to encapsulation of 1.5 GFP(+36) per 24mer (mixture of 1 or 2 GFP(+36) per cage) when incubated in 100 mM NaCl, 50 mM Tris buffer. 19 Increasing the ratio of GFP(+36) to 24mer
led to a linear increase in encapsulated GFP(+36), up to a reported value of 4 GFP(+36)/24mer, at that ionic strength in Tris buffer. Our loading is also similar to that reported for teal fluorescent protein within virus (CCMV) capsids. 15 Attempting to increase the loading by adding higher ratios of GFP(+36) (1:4 or 1:6 AfFtn: GFP(+36)) was unsuccessful and led to significant protein precipitation (Fig. S6 ). Tetter et al. noted similar observations of precipitation at low ionic strength for high GFP(+36) loading.
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Encapsulation occurs with assembled cage E65R
We recently reported a new AfFtn mutant with enhanced cage stability at low ionic strengths: E65R, 40 which differs from other ferritin mutants where cage assembly is destabilized. [43] [44] [45] The crystal structure of E65R (PDB ID 5V5K) reveals octahedral symmetry and lacks the large triangular pores of wtAfFtn ( Fig. 1 ). Shown in Figure 4 (a), we saw evidence of GFP(+36) encapsulation by AfFtn E65R using native gel electrophoresis, with overlapping GFP . DLS results show an average particle size similar to that of native E65R: 13.1 nm (PDI 0.08) versus 12.9 (PDI 0.06). 40 The TEM images are consistent with the ferritin 24mer, further indicating the AfFtn E65R assembled with GFP(+36) inside. Based on gel assays and absorbance measurements post-FPLC, there appear to be approximately 2 GFP(+36) per E65R 24mer, similar to wt results. However, because E65R remains mostly assembled (and elutes as 24mer) at low ionic strength whether or not encapsulation has occurred, SEC absorbance (A 280 ) measurements are less informative about the number of GFP(+36) molecules per cage. E65R AfFtn-GFP(+36) samples were also seen to have little immobilized protein in the Ni-NTA binding assay, again supporting encapsulation (Fig. S8) . Interestingly, E65R-GFP(+36) had even less binding to Ni-NTA resin compared with wt-AfFtn, likely due to its closed form 40 rendering the encapsulated Histag more inaccessible. AfFtn assembly occurs at low ionic strength with only two equivalents of GFP(+36) present, and the His-tag of GFP(+36) appears sequestered in the presence of AfFtn. These observations are consistent with GFP(+36) residing within the cage interior. It is striking that E65R is able to efficiently encapsulate GFP(+36), given its assembled, closedpore conformation (Fig. 1) . This differs from previous experiments, where E65R was not observed to encapsulate a 6-nm gold nanoparticle (AuNP). 40 Encapsulation of large protein cargo without first disassembling into small subunits is not without precedent, however. Lumazine synthase was found to encapsulate supercharged ferritin starting from either assembled capsids or capsid subunits, albeit with lower yields for assembled capsids. 46 The cage dynamics were such that protein cargo significantly larger than the 4-nm pores 47 could still enter the interior cavity. Förster resonance energy transfer (FRET) experiments exploring the dynamics of lumazine synthase confirmed that the assembled capsid can rapidly uptake and exchange cargo. 14 In addition, coarse-grained simulations of HIV-1 capsid assembly have suggested individual subunits can come on and off of an assembled virion. 48 Similar dynamics may be at play for E65R, enabling GFP (+36) encapsulation. GFP(+36) is also smaller than a 6-nm AuNP and potentially more flexible, compared with the inorganic AuNP.
Investigation of electrostatic effects
To confirm that encapsulation is triggered by the high charge of GFP(+36), we repeated native gel and size exclusion experiments with enhanced GFP (eGFP), a non-supercharged variant with enhanced fluorescence. 49 At pH 7.6, eGFP has an estimated net charge of −6.4, based on individual amino acid pK a values. As seen in Figure 5 (a), we observed no overlapping eGFP-AfFtn bands by native gel, nor did we see AfFtn 24mer overlapping with eGFP fluorescence by SEC [ Fig. 5(b) ]. Thus, the encapsulation observed with GFP(+36) is dependent on its high charge. E65R also does not show encapsulation of eGFP, via SEC (Fig. S9) . We suggest that similar to studies with AuNP encapsulation, the high charge density of GFP (+36) mitigates the need for increased ionic strength and allows encapsulation to occur, even if the bulk solution ionic strength is low. We also attempted encapsulation using supernegatively charged GFP, 50 GFP(−30), to determine whether the sign of the charge was important for encapsulation. GFP(−30) did not induce encapsulation and AfFtn 24mer assembly as determined by SEC [ Fig. 5(c) ], indicating that charge complementarity between the cargo and AfFtn interior is necessary for supercharged protein Figure 3 . Ni-NTA assay shows greatly reduced GFP(+36) binding to resin after encapsulation within AfFtn. Samples were incubated at 6 μM AfFtn, 12 μM GFP(+36) for 1 h to enable binding of GFP His-tag to Ni resin. Samples were then centrifuged and the supernatants were analyzed by fluorescence ("load"), followed by three washings of the resin ("wash 1-3"). Increasing
[imidazole] to 250 mM dissociated any protein bound to the resin ("elution 1-3"). Green bars are for GFP(+36) alone, navy bars are for AfFtn-GFP(+36). High fluorescence in the load sample for AfFtn-GFP(+36) indicates a lack of binding, due to encapsulation, while high fluorescence in the Elution 1 sample for free GFP(+36) indicates resin binding and release, as expected for a protein with a His-tag.
loading. Using SEC, E65R also showed no encapsulation with GFP(−30) (Fig. S10) . These results are similar to those presented by Deshpande et al., where an engineered AfFtn with different overall interior cage charges was best able to stabilize the folding of guest proteins that had charge complementarity between host and guest. 51 To disentangle any effect of pre-assembled cages, we investigated the effect of ionic strength on encapsulation using E65R, which mostly retains the 24mer structure across a wide range of NaCl concentrations (>90% 24mer, 0-800 mM NaCl). 40 We mixed E65R and GFP(+36) in solutions of increasing NaCl concentration (Fig. 6 ). With increasing ionic strength, the fluorescent band in the native gel corresponding to encapsulated product grew dimmer, confirming that the extent of encapsulation decreases as electrostatic interactions are attenuated. Similar decreases in encapsulation with increasing ionic strength from 100 mM to 300 mM and 600 mM NaCl were also observed by Tetter et al. with AfFtn encapsulation of GFP(+36), although, again, the buffer conditions differed from ours with the use of Tris rather than phosphate. 19 The role of ionic strength in the GFP(+36) encapsulation process was also explored with wt-AfFtn. Notably, after the formation of the protein-protein host-guest complex, raising the ionic strength of the solution did not entirely disrupt the assembled complex. After incubating wt-AfFtn with GFP(+36) 1:2 overnight in no-salt buffer (20 mM sodium phosphate, pH 7.6), the NaCl concentration was increased from 0 mM to 800 mM, and the sample was incubated overnight to ensure equilibrium was reached. The sample was run on a size exclusion column equilibrated in high-salt buffer (20 mM sodium phosphate, 800 mM NaCl, pH 7.6), as seen in Figure 7 . While a free GFP(+36) peak was observed (matching the elution volume of a GFP(+36) alone sample in the highsalt buffer, see Fig. S11 ), most GFP(+36) fluorescence overlapped with the AfFtn 24mer peak, indicating the majority remained encapsulated. High salt concentrations should stabilize the AfFtn 24mer but also screen electrostatic interaction between AfFtn and GFP(+36). When wt-AfFtn and GFP(+36) were initially incubated in high-salt buffer overnight and then analyzed by SEC, encapsulation was not observed. Instead, AfFtn 24mer was seen eluting with minimal GFP(+36) fluorescence, while a separate free GFP(+36) peak eluted later (Fig. 8) . This result differs somewhat from Tetter's observation of roughly 1 GFP loaded per AfFtn 24mer in 600 mM NaCl solution, 19 but these experiments serve to confirm that encapsulation of GFP(+36) by wtAfFtn is driven by electrostatic interactions. Control experiments incubating wt-AfFtn with either eGFP or GFP(−30) in the high-salt buffer also did not show encapsulation (Fig. S12) .
Conclusions
In conclusion, we have successfully tailored a nonnative, stoichiometric protein-protein host-guest complex using archaeal thermostable ferritin and supercharged GFP(+36). Careful characterization of the protein-protein host-guest complexes was achieved by working in phosphate buffer where the wt-AfFtn protein is normally disassembled. Encapsulation was confirmed by several characterization methods, including Ni-NTA assay, which showed little-to-no binding of the encapsulated His-tagged GFP(+36) protein. The stoichiometry of encapsulated protein was determined through careful measurement of both AfFtn and GFP extinction coefficients, after rigorous protein purification. We demonstrated that the encapsulation process does not require pre-disassembled cages, as we encapsulated GFP(+36) within a mutant AfFtn (E65R), which forms highly stable cages that lack large pores. 40 The cage dynamics may allow for the encapsulation of the significantly smaller GFP(+36). Charge complementarity between cargo protein and the negatively charged AfFtn interior is necessary for encapsulation, as eGFP and supernegatively charged GFP (−30) were not encapsulated. Encapsulating native supercharged proteins 52 or GFP(+36) fusion proteins within ferritins could be a useful delivery method, for example, by rendering therapeutic cargo less vulnerable to proteolysis, unfolding, and immune response. Such a system could also harbor toxic cargo or deliver cargo to cells presenting specific cell-surface receptors. Figure 7 . SEC of AfFtn-GFP(+36) in high-salt buffer after overnight incubation in no-salt buffer mixed at 1:2 AfFtn:GFP(+36) (6 μM AfFtn, 12 μM GFP(+36)), demonstrating the effect of increasing the ionic strength after initial encapsulation. Free GFP(+36) was observed, indicating that increasing ionic strength partially disrupted the assembly. However, the majority remained encapsulated, indicating that post-encapsulation, the complex is fairly stable. Figure 8 . SEC of AfFtn and GFP(+36) in high-salt buffer after overnight incubation in high-salt buffer mixed at 1:2 AfFtn:GFP(+36) (6 μM AfFtn, 12 μM GFP(+36)). Minimal encapsulation was observed, indicating that high ionic strength inhibits the encapsulation process.
More fundamentally, we provide an example of a small 1:2 protein-protein host-guest complex, achieving significantly high confinement molarity due to the small cavity volume, which opens new possibilities for studying protein biophysical phenomena such as crowding, folding, molecular recognition, protein threading, and enzymology within discrete protein nanocapsules.
Materials and Methods

AfFtn protein expression and purification
AfFtn wt and AfFtn E65R mutant were expressed and purified as previously published. 40 Briefly, a plasmid containing AfFtn wt or E65R genes were transformed in BL21(DE3)CodonPlus-RP cells. Cells were grown overnight at 30 C in LB medium. Cultures were transferred to 1 L Terrific Broth and grown at 37 C until OD 600~0 .8. Expression was induced with 1 mM IPTG for 4 h at 37 C. Cells were pelleted by centrifugation (10 min, 4 krpm, 4 C) and stored at −20 C. Cells were resuspended in buffer (20 mM sodium phosphate, 20 mM NaCl, pH 7.6) and lysed by treatment with lysozyme (~1 mg/mL final concentration), DNAse, and sonication (amplitude of 30, 1 s on, 1 s off, 15 min total processing time). Cellular debris was removed by centrifugation (30 min, 6 krpm, 4 C) and the soluble fraction was treated with benzonase nuclease for 15 min at rt after addition of MgCl 2 to a final concentration of 2 mM. The solution was heat shocked for 10 min at 80 C to precipitate most E. coli proteins and centrifuged (9 krpm, 60 min, 4 C). The supernatant was concentrated, buffer exchanged (20 mM sodium phosphate, 2.5 M NaCl, 2 mM EDTA, pH 7.6) and injected onto a HiLoad 16/60 Superdex 200 size exclusion column equilibrated with high-salt buffer (20 mM sodium phosphate, 800 mM NaCl, pH 7.6). Fractions corresponding to 24mer (~60 mL elution volume) were collected and concentrated. Protein concentration was determined by the extinction coefficient at 280 nm calculated using ProtParam 53 (1.67 mL mg −1 cm −1 for both wt and E65R), and purity was confirmed using SDS-PAGE (Fig. S13) . Protein solutions were stored at 4 C until needed for experiments. Experiments described below were repeated with at least three different preparations of each protein with similar results.
GFP protein expression and purification
GFP(+36)-His 6 plasmid was purchased from DNA 2.0 (now ATUM), based on the sequence published by Lawrence et al. 28 Plasmid containing eGFP-His 6
(pUCBB-ntH6-eGFP) was a gift from Claudia Schmidt-Dannert (Addgene plasmid #32557). 54 Plasmid containing GFP(−30) (pET-6xHis-(−30)GFP) was a gift from David Liu (Addgene plasmid #62936). 50 Plasmids were transformed in E. coli BL21CodonPlus (DE3)-RP cells. Cells were grown at 30 C overnight in LB broth, transferred to 1 L LB, and grown at 37 C until OD 600~0 .6. Induction was done with 1 mM IPTG for 4 h at 37 C. Cells were harvested by centrifugation and stored at −20 C. Cells were resuspended in lysis buffer (phosphate buffered saline with 2 M NaCl) and lysed by treatment with lysozyme (~1 mg/mL final concentration) and DNase with stirring at 4 C for 30 min, followed by sonication on ice (amplitude of 30, 1 s on, 2 s off, 10 min processing time). Cellular debris was removed by centrifugation (6 krpm, 30 min, 4 C). Initial purification was performed using Ni-NTA spin columns, washing three times with lysis buffer containing 20 mM imidazole, followed by elution with lysis buffer containing 500 mM imidazole. Green fractions were collected and buffer exchanged to PBS. Benzonase nuclease and MgCl 2 (2 mM final concentration) were added and the solution was incubated at rt for 15 min to further remove nucleic acids. Using a HiTrap SP HP column, cation exchange was performed by running a gradient 0-100% lysis buffer over 25 mL using lysis buffer and PBS. The sample was then concentrated and injected into a HiLoad 16/60 Superdex200 size exclusion column equilibrated with lysis buffer at a flow rate of 0.7 mL/min. Green fractions were collected and concentrated. Purity was verified by SDS-PAGE (Fig. S14 ) and concentration was determined using extinction coefficients at 488 nm: 4.7 × 10 4 M −1 cm −1 (GFP(+36) and GFP(−30)), 5.3 ×
. 55 Protein solutions were stored at 4 C in the dark until needed for experiments. GFP (+36) samples from which nucleic acids were rigorously removed during purification gave a ratio of absorbances at 280 nm (A 280 ) and 260 nm (A 260 ) of A 280 /A 260 = 1.6-1.8. The extinction coefficient of GFP (+36) was determined experimentally by preparing a standard curve, using concentrations determined via the Bicinchoninic Acid Assay (BCA Assay, Pierce) using bovine serum albumin (Pierce) as a standard. Absorbance at 488 nm was measured with samples of varying concentration (3, 4.5, 6, 9, 18 μM) (Fig. S15) . The experiment was performed in triplicate. Importantly, this value differs by nearly 30% from the value calculated from the extinction coefficients of individual amino acids (36,600 M −1 cm −1 ), 18 which has significant consequence for the determination of GFP(+36) loading. The extinction coefficient at 488 nm for GFP(−30) was assumed to be within error of that for GFP(+36), due to the similar chromophore environments in the two proteins. 
AfFtn-GFP(+36) complex formation
AfFtn-GFP(+36) complexes were formed by mixing AfFtn and GFP(+36) in a 1:2 ratio in no-salt buffer (20 mM sodium phosphate, pH 7.6) at a concentration of 0.6 μM (based on AfFtn 24mer) and 1.2 μM, respectively, and equilibrating overnight at 4 C.
Native gel electrophoresis
Native gels (0.7% agarose) were prepared to present the solution conditions 5 mM NaCl, 20 mM sodium phosphate, and pH 7.6. Samples were mixed with glycerol (final concentration 16% v/v). Gels were run at 100 V for 20 min on ice, covered with foil. Gels were imaged using a Typhoon FLA7000 imager using an excitation wavelength of 472 nm and PMT setting of 500 V. Following fluorescence imaging, gels were stained with Coomassie Brilliant Blue R-250. For the varying ionic strength gel (Fig. 6 ), E65R and GFP (+36) were mixed in increasing ionic strength buffers ([NaCl] = 50, 100, 200, 400, 600, 800 mM) and incubated overnight at 4 C. The samples were run on the gel as described above.
Analytical SEC
Analytical SEC was performed with an AKTA FPLC system using a Superdex200 Increase 10/300 GL column equilibrated with no-salt buffer (20 mM sodium phosphate, pH 7.6). Samples were prepared as above ("AfFtn-GFP(+36) complex formation"), but at concentrations of [AfFtn] = 6 μM and [GFP (+36)] = 12 μM for greater signal. Sample (200 μL) was injected and A 280 was monitored. For experiments to determine the average number of GFP(+36) molecules per AfFtn 24mer, N GFP , 2 mL of sample was injected to ensure adequate signal for subsequent UV-vis measurements. The sample was eluted at 4 C using a flow rate of 0.9 mL/min. Fluorescence of individual fractions was measured using a microplate reader as described below.
DLS
Sample (100 μL) was pipetted into a disposable micro cuvette. DLS was performed on a Malvern ZetaSizer Nano ZS with a scattering angle of 173 at 25 C (1 min equilibration time).
Fluorescence measurements
For GFP(+36) fluorescence spectrum, a Varian Cary Eclipse spectrophotometer was used, exciting at 488 nm and scanning 490-550 nm at a rate of 30 nm/min at 25 C. For fluorescence analysis of size exclusion fractions and Ni-NTA assay samples, a Tecan M1000 microplate reader was used. Sample (100 μL) was pipetted into a black 96-well plate. Samples were excited at 488 nm and fluorescence was measured at 509 nm.
Ni-NTA assay
Fractions from SEC analysis containing encapsulation product were concentrated using a 10 k Centricon to a volume of~100 μL. Concentrated sample (100 μL) was mixed with 100 μL of Ni-NTA resin that had been pre-washed with no-salt buffer (20 mM sodium phosphate, pH 7.6). Samples were incubated for 1 h at 4 C on an end-over rocker, covered in foil. Post-incubation, samples were centrifuged for 2 min at 13.2 krpm to pellet the resin. The supernatant was moved to a clean tube for later analysis ("load"). The resin was resuspended in lysis buffer containing 20 mM imidazole, centrifuged, and again the supernatant was removed ("wash 1"). This was repeated twice more ("wash 2," "wash 3"). After washing, the resin was resuspended in lysis buffer containing 250 mM imidazole, centrifuged, and the supernatant was removed ("elution 1"). Again, this was repeated twice more ("elution 2," "elution 3"). The fluorescence of all supernatant samples was measured using a microplate reader as described above.
TEM
Grids were prepared by floating a copper-coated carbon grid on 5 μL of the sample and staining with 2% (w/v) uranyl acetate. Grids were imaged on a Tecnai T-12 microscope operating at 120 keV.
Determination of GFP(+36) loading
1:2 AfFtn:GFP(+36) samples were purified by SEC, and the fraction containing the highest fluorescence intensity was selected for loading analysis. The UVvisible spectrum of the sample was measured using an Agilent 8453 UV-visible spectrometer. A 280 and A 488 were used to calculate the number of GFP(+36) per AfFtn 24mer. The measured A 280 has contributions from both AfFtn and GFP(+36), while A 488 is only due to GFP(+36). An average ratio of A 280 /A 488 for GFP(+36) was determined to be 0.46. This was used to calculate the A 280 that can be attributed to AfFtn: 
Geometric analysis of AfFtn and GFP(+36)
The pores of wt-AfFtn are~4.5 nm from base to vertex, forming an approximately equilateral triangle with sides of~5 nm. GFP(+36) can be approximated to be a cylinder 56 of a length of 4 nm and a diameter of 3 nm. To fit GFP(+36) lengthwise through the pore, its diameter must be smaller than the largest circle that can be inscribed in an equilateral triangle of side length s:
